The majority of papillary thyroid carcinoma is indolent and associated with long-term survival. The columnar cell variant, however, is a rare subtype that is variable in biological behavior; some are clinically aggressive, whereas others are more clinically indolent. Tumor size, tumor circumscription, and encapsulation may influence the behavior of columnar cell carcinomas. Other variables including genetic changes and putative biomarkers associated with malignant growth have not been thoroughly examined in these neoplasms. In this study, nine cases of columnar cell variant of papillary thyroid carcinoma from three institutions were classified as clinically indolent or aggressive based on pathological features, clinical history, and outcome. Indolent tumors were typically small, circumscribed or encapsulated, and from younger female patients, whereas aggressive tumors were large, locally aggressive, associated with regional and distant metastasis, and from older male patients. The missense mutation, V600E in the BRAF oncogene (BRAF V600E ), was detected in three of nine of cases, of which two were clinically aggressive. Immunohistochemical evaluation of neoplasiaassociated markers showed increased nuclear cyclin D1 expression, elevated Ki-67 proliferation indices, and predominantly weak nuclear p53 staining in both indolent and aggressive tumors. Expression of b-catenin was largely restricted to a membranous pattern in both tumor types. Cytoplasmic expression of bcl-2 was overall mildly reduced in indolent neoplasms. Nuclear expression of estrogen and progesterone receptors was increased in both indolent and aggressive neoplasms, but was without sex-or age-related differences; however, whereas progesterone receptor expression was diffuse and strong in clinically indolent carcinomas, its expression was diminished in aggressive neoplasms. Recognition of the clinicopathological characteristics and the molecular and immunophenotypic features of the columnar cell variant of papillary thyroid carcinoma may aid in characterizing neoplasms that behave indolently or aggressively. Papillary thyroid carcinoma is a common endocrine neoplasm that is typically indolent and associated with long-term survival. This favorable biological behavior reflects the vast majority of conventional and histological variants of well-differentiated papillary thyroid carcinoma. However, a more aggressive tumoral growth characterizes a small subset that behaves more akin to poorly differentiated and undifferentiated thyroid carcinoma. Initially included in this group of aggressive neoplasms, the columnar cell variant is a rare subtype with variable biological behavior. Early reports described tumors with fast growth rates, aggressive local invasion, high rates of recurrence, early metastasis to regional lymph nodes and distant
Papillary thyroid carcinoma is a common endocrine neoplasm that is typically indolent and associated with long-term survival. This favorable biological behavior reflects the vast majority of conventional and histological variants of well-differentiated papillary thyroid carcinoma. However, a more aggressive tumoral growth characterizes a small subset that behaves more akin to poorly differentiated and undifferentiated thyroid carcinoma. Initially included in this group of aggressive neoplasms, the columnar cell variant is a rare subtype with variable biological behavior. Early reports described tumors with fast growth rates, aggressive local invasion, high rates of recurrence, early metastasis to regional lymph nodes and distant visceral sites, and fatality as a result of the disease. [1] [2] [3] [4] [5] [6] However, the notion that these neoplasms are clinically aggressive was later challenged by observations that tumor circumscription and/or encapsulation may confer a more favorable outcome. [7] [8] [9] Genetic alterations resulting in the activation of the receptor tyrosine kinase signaling cascade are found in the majority of well-differentiated papillary thyroid carcinomas. 10, 11 The most common genetic change is a missense mutation, V600E (single letter amino acid), in the gene encoding the serine/threonine kinase, b-raf (BRAF V600E ). [12] [13] [14] [15] This mutation results in constitutive activation of the kinase, potentiates downstream effectors in the MAP kinase signaling pathway, and confers transforming properties in cell lines. 12, 15, 16 BRAF V600E has been detected in a variety of papillary thyroid neoplasms, including papillary microcarcinoma, and more recently, malignant struma ovarii, [17] [18] [19] implying that the activating mutation is critical in the initiation of papillary thyroid neoplasia. The additional molecular changes that promote tumor progression, however, are not well characterized, but mutations in other oncogenes and tumor suppressor genes and altered cell signaling, cell cycle regulation, and apoptosis have been described in clinicopathologically aggressive thyroid neoplasms. 16, 18, [20] [21] [22] As these changes have not been studied in the columnar cell variant of papillary thyroid carcinoma, we screened for mutations in BRAF and evaluated the immunophenotypic expression of the neoplasia-associated biomarkers b-catenin, cyclin D1, the cell proliferation marker Ki-67 (MIB-1), bcl-2, p53, estrogen receptor (ER), and progesterone receptor (PR) in nine cases of clinically aggressive and indolent columnar cell carcinomas.
Materials and methods
Nine cases of columnar cell carcinoma from nine patients were identified from 5174 cases of papillary thyroid carcinoma diagnosed at three institutions (Brigham and Women's Hospital, Boston, MA, USA; Massachusetts General Hospital, Boston, MA, USA; and Mayo Clinic Rochester, Rochester, MN USA) between 1993 and 2005. These consisted of eight surgical and one autopsy specimens. The clinical history and pathology material were reviewed, and all cases fulfilled the current WHO classification criteria for the columnar cell variant of papillary thyroid carcinoma, including neoplastic cells with elongated nuclei, hyperchromasia, supranuclear and/or subnuclear cytoplasmic vacuolization, and papillary, follicular, trabecular, and/or solid growth patterns. 23 The specimens were fixed in 10% neutral-buffered formalin, dehydrated, and embedded in paraffin resin. In all cases, routine and immunohistochemical stains for cyclin D1, MIB-1, b-catenin, bcl-2, p53, ER, and PR were performed (Table 1) . Polymerase chain reaction and direct forward and reverse sequencing of the BRAF gene were performed on formalin-fixed paraffinembedded tissue as described previously. 19, 24, 25 
Results
The nine patients ranged in age from 32 to 90 years and consisted of five male patients (median age 60 years, mean 64.8 years) and four female patients (median age 37.5 years, mean 47 years). The clinical history, pathological assessment, treatment, and follow-up are detailed in Table 2 . Pertinent past medical histories included chemotherapy and mantle irradiation for classical Hodgkin lymphoma in one patient, colorectal carcinoma in one patient, and remote partial thyroidectomy for a goiter in one patient. The nine tumors were resected in eight patients and incidentally discovered in one patient during a post-mortem examination. The surgical procedures included lobectomy followed by completion thyroidectomy in two patients, and total thyroidectomy in six patients, including one with a concomitant laryngotracheal resection (patient 7). Resection of the tumor was followed by postoperative radioactive iodine in seven, radiotherapy in three, and adjuvant chemotherapy with adriamycin in one (patient 7). Clinical follow-up ranged from 3 to 59 months and was available for all patients. One patient with an incidental thyroid carcinoma discovered at autopsy died of disseminated diffuse large B-cell lymphoma (patient 4).
All tumors except one were solitary; a 0.4 cm intrathyroidal metastatic focus was identified in case 7. Chronic lymphocytic thyroiditis was present in two cases, and coexisting minimally invasive follicular carcinoma and papillary microcarcinoma were present in one case (case 3). Four tumors were clinically indolent (cases 1-4) and five were aggressive (cases 5-9). Patients with indolent tumors included one male patient and three female patients (age 32-90 years, median 38, mean 49), all of whom had an asymptomatic or painless mass that was encapsulated or well circumscribed (1.3-4.0 cm, mean 2.1 cm; Figure 1a) . Two of the tumors exhibited minimal invasion through the capsule, but none had extrathyroidal extension; all were low 26 All patients who underwent resection of the tumor were alive and without evidence of residual disease for 59 months following diagnosis and treatment; however, some patients do not have adequate follow-up to correctly assess the aggressiveness of these circumscribed tumors (Table 2) .
Five patients with aggressive disease (four males and one female, age 45-81 years, median 60, mean 63) presented with clinically worrisome features that included progressive shortness of breath, hoarseness, stridor, tracheal deviation, dysphagia, and metastasis. The tumors were large (4.0-11.5 cm, mean 6.7 cm; Figure 1b ) and diffusely infiltrative with extrathyroidal extension, laryngotracheal invasion, and/or cervical lymph nodal or distant metastasis (AJCC, stage III or IV). 26 Three died of widely metastatic disease 17-45 months after the initial diagnosis. One was alive with residual tumor in the surgical bed as well as a metastatic focus in the lung at 25 months follow-up (patient 8), whereas another had tumor at the surgical margin, but was alive and without disease following a short follow-up interval (patient 9) ( Table 2) .
The histological, architectural, and cytological features fulfilled the diagnostic criteria of the columnar cell variant of papillary thyroid carcinoma as defined by the current WHO classification, including neoplastic follicular cells with basally pseudostratified, hyperchromatic nuclei with eosinophilic-to-clear cytoplasm and supranuclear and/ or subnuclear cytoplasmic vacuoles that resembled secretory-type endometrium (Figure 2 , Table 3 ). 23 In some instances, focal areas of chromatin clearing typical of conventional papillary carcinoma were identified. The cells were arranged in a variety of architectural patterns that included papillary, follicular, trabecular, cribriform, complex glandular, and/or solid. In one case, keratinizing squamous differentiation including squamous morules was present (case 3). Among the clinically aggressive tumors, focal solid and insular patterns were identified in two cases (cases 8 and 9) and necrosis in two cases (cases 7 and 9). Mitoses ranged from rare to up to 18 per 10 high-power fields. Colloid and dystrophic and psammomatous calcification were present in the majority of cases.
BRAF V600E was identified in three of nine cases (cases 4, 7, and 8; Figure 3) ; no additional mutation in BRAF was detected. The three tumors were from male patients who were 60, 78, and 90 years of age at the time of diagnosis and included one clinically indolent and two aggressive carcinomas. Of the aggressive neoplasms, one exhibited extrathyroidal extension with laryngeal and tracheal invasion and lung metastasis, whereas the other recurred with lung and spinal metastasis following surgical excision and adjuvant radio-and chemotherapy. The indolent columnar cell carcinoma was an incidental tumor discovered at autopsy.
Immunohistochemical studies of a variety of neoplasia-associated biomarkers were performed on paraffin-embedded tissue ( Figure 4 , Table 3 ). In virtually all cases, nuclear cyclin D1 was detected in the majority of neoplastic cells, although the staining intensity was variable from cell to cell and ranged from weak to strong. An increased Ki-67 cell proliferation index, measured by nuclear staining with the monoclonal antibody, MIB-1, was observed in both indolent and aggressive neoplasms with indices ranging from o5% to approximately 30%. The expression of b-catenin was detected in a membranous pattern in seven of nine cases, of which the staining intensity was strong in five and weak in two. Coexisting membranous and cytoplasmic expression was present in two cases (cases 4 and 7), and cytoplasmic and membranous staining expression in another two (cases 2 and 3). Bcl-2 expression was variable, but was overall mildly decreased in indolent tumors. Immunoreactivity for p53 was detected, but weak in seven of nine cases. There was nuclear expression of the hormone receptor, ER, in six cases, including three indolent and three aggressive tumors from three female and three male patients. Nuclear staining for PR was detected in five tumors from three female and two male patients. The adjacent non-neoplastic thyroid follicular tissue, by comparison, showed negativeto-focally weak nuclear staining for cyclin D1, labeling of rare follicular cells by MIB-1, strong membranous expression of b-catenin, strong cytoplasmic staining for bcl-2, negative-to-focal and weak reactivity for p53, no detectable nuclear reactivity for ER, and negative-to-focal nuclear reactivity for PR.
Discussion
Papillary thyroid carcinomas encompass a clinicopathological spectrum of neoplasms with different biological behavior. The vast majority is indolent and associated with long-term survival. A small subset of these tumors, however, may progress to more aggressive neoplasms such as poorly differentiated and undifferentiated carcinomas. 11, 27 Mutations of candidate genes such as TP53 and CTNNB1, the gene encoding b-catenin, and abnormal cell cycle regulation, proliferation, and apoptosis are associated with aggressive neoplasms and have been suggested as markers of thyroid tumor progression. [28] [29] [30] [31] [32] Columnar cell carcinoma is a recognized variant of well-differentiated papillary thyroid carcinoma that is associated with an uncertain clinical course. Small size, encapsulation, and tumor circumscription are associated with a more favorable prognosis, whereas large size, extrathyroidal extension, and metastasis confer a worse prognosis. Because previous studies of these neoplasms have been largely limited to case studies, we reviewed reports in the English literature to date to better define the clinicopathological characteristics of these rare neoplasms.
1-9,33-48
The 48 reported cases consisted of 15 men and 33 women. Men ranged in age from 29 to 77 years (mean 49.5 years, median 47 years) and women from 16 to 83 years (mean 49 years, median 50 years). Of these cases, 20 clinically indolent (two men and 18 women, mean 44.9 years, median 41.5 years) and 23 aggressive (13 men and 10 women, mean 55.6 years, median 59.5 years) neoplasms were characterized. Indolent tumors ranged in size from 0.9 to 8 cm (mean 3.6 cm, median 3.8 cm), and aggressive tumors ranged from 0.6 to 10 cm (mean 6.0 cm, median 6.3 cm). Of cases with clinical follow-up, 18 of 19 patients with indolent tumors were alive and/or without disease ranging from 9 months to 22 years after the diagnosis (mean 67 months, median 48 months). Of 20 patients with aggressively behaving carcinomas, 13 died of disease ranging from 7 to 126 months after the diagnosis (mean 41.9 months, median 36 months); five patients were alive, but with disease ranging from 16 to 108 months followup (Table 4) .
Similarly, by comparison, the four indolent neoplasms studied herein were small (mean 2.1 cm), encapsulated, or well-circumscribed, affected younger (median 38 years), predominantly female patients, did not recur following definitive surgical management and adjuvant therapy, and/or was incidentally discovered at post mortem. By contrast, the five clinically aggressive neoplasms were large (mean 6.7 cm), diffusely infiltrative with extrathyroidal extension and metastasis to regional lymph nodes and distant visceral sites, affected older (median 60 years), predominantly male patients, and associated with early death and/or recurrence of disease in four of five patients. BRAF V600E was detected in three of nine (33%) columnar cell carcinomas, a finding that is comparable to its overall prevalence in well-differentiated papillary thyroid carcinomas and provides the genetic basis for columnar cell carcinoma as a distinct variant of papillary thyroid carcinoma. 49, 50 Interestingly, BRAF V600E was limited to tumors in older male patients, a population more prone to harbor an aggressive papillary neoplasm. 22 Early work suggested that altered BRAF is an adverse prognostic variable due to its association with unfavorable clinicopathological characteristics such as older age, male gender, and distant metastasis, and the high prevalence of BRAF mutations in the clinically aggressive tall-cell variant of papillary carcinoma and poorly differentiated and undifferentiated carcinomas. 16, 18, 21, 22, 49, 51, 52 However, BRAF V600E is also found in papillary thyroid microcarcinoma, a tumor that is typically benign and often discovered as an incidental finding, as well as in pre-malignant colorectal and nevocellular lesions, suggesting that an activating mutation in BRAF occurs early in the initiation of papillary thyroid neoplasia and may additionally confer susceptibility for malignant progression. 12, 17, 18, [53] [54] [55] [56] Compatible with this interpretation, one of the three tumors harboring BRAF V600E in this study was clinically indolent, whereas two behaved aggressively.
Cyclin D1, the gene product of CCND1, is an inducible promoter of cell cycle progression that is abnormally upregulated in a variety of benign and malignant neoplasms. 57, 58 A positive correlation between the nuclear overexpression of cyclin D1, cellular proliferation, and the proliferation marker, Ki-67, with tumor stage and aggressive biological behavior was reported previously. 31, 32, 39, [59] [60] [61] [62] [63] [64] An alteration in the gene encoding cyclin D1 has not been reported in thyroid neoplasia, but a link between aberrant b-catenin expression and upregulation of cyclin D1 has been shown in a variety of neoplasms. In this study, the nuclear expression of cyclin D1 was markedly increased in the vast majority of indolent and aggressive neoplasms. This finding contrasts with conventional papillary thyroid carcinomas in which cyclin D1 is only expressed in a low percentage of neoplastic cells. The level and pattern of b-catenin expression were variable in both indolent and aggressive tumors and included strong and weak membranous, cytoplasmic, or both patterns; aberrant nuclear localization of b-catenin was not seen. Previous reports have documented an elevated mitotic index of 2-13 per 10 HPF and a Ki-67 labeling index of approximately 20% in aggressively behaving columnar cell carcinomas. 3, 6, 34, 36, 47 In this study, the overall Ki-67 index in columnar cell carcinoma was greater than that previously reported in conventional papillary thyroid carcinomas. 59, 68 However, Ki-67 labeling of neoplasms presenting at low and high tumor staging was widely variable and overlapping; indolent tumors exhibited Ki-67 proliferation indices of up to 30%, whereas an aggressive tumor displayed a Ki-67 index of less than 5%. No discernible correlation between cyclin D1, b-catenin, and Ki-67 labeling index was identified, suggesting that factors other than cell cycle regulation and signaling may promote further malignant growth. In addition, the oncogenic role of cyclin D1 as a transcriptional modulator, independent of promoting cell cycle progression, warrants further evaluation. 66, 69 Defective p53, the tumor suppressor gene product, and altered regulation of apoptosis are typically regarded as markers of progressed tumors. When mutated, defective p53 fails to block cell cycle progression and induce apoptosis in cells with DNA damage, leading to further genomic instability. In thyroid neoplasms, defective p53 and loss of expression of the antiapoptotic protein, bcl-2, are more common in poorly differentiated and undifferentiated carcinomas than well-differentiated neoplasms. [70] [71] [72] [73] [74] [75] In this study, nuclear p53 immunoreactivity was weak in three of five aggressive tumors as well as in all indolent tumors, likely reflecting an intact p53 expression. Interestingly, bcl-2 expression was diminished in the majority of indolent tumors, whereas a strong, cytoplasmic staining was seen in the majority of aggressive tumors.
65-67
Thyroid tumors show gender-and age-specific differences in prevalence, behavior, and outcome. Papillary carcinomas have an overall higher prevalence, but better prognosis in women of childbearing age, suggesting that sex hormones may influence tumor initiation and growth. 76, 77 Similar to previous studies of papillary thyroid carcinoma, [78] [79] [80] [81] expression of ER and PR was increased in the majority of columnar cell carcinomas, but was without discernible gender-or age-specific differences in expression. However, whereas ER expression was detected in the majority of both indolent and aggressive tumors, PR expression was diffusely positive in the majority (three of four) of indolent tumors, but only focally positive in two of five aggressive tumors, implying a possible role for diminished or absent PR expression as a marker for clinicopathologically aggressive columnar cell carcinoma.
As previously described in the literature and further supported by this study, the columnar cell variant of papillary thyroid carcinoma can be separated into circumscribed and widely invasive subtypes corresponding to the clinicopathological indolent and aggressive carcinomas. The morphology of columnar cell variant is often reminiscent of endometrial or colonic carcinoma, with some of the nuclear features of papillary thyroid carcinoma. Our study reveals BRAF V600E to be detected in 33% of our cases, a comparable finding to its overall prevalence in well-differentiated papillary thyroid carcinomas and provides the genetic basis for columnar cell carcinoma as a distinct variant of papillary thyroid carcinoma. Ancillary molecular and immunophenotypic studies may also aid in this distinction.
